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In this paper, we investigate theoretically and numerically the efficiency of energy coupling from a
plasmon generated by a grating coupler at one of the interfaces of a metal wedge into the plasmonic
eigenmode i.e., symmetric or quasisymmetric plasmon experiencing nanofocusing in the wedge.
Thus the energy efficiency of energy coupling into metallic nanofocusing structure is analyzed. Two
different nanofocusing structures with the metal wedge surrounded by a uniform dielectric
symmetric structure and with the metal wedge enclosed between a substrate and a cladding with
different dielectric permittivities asymmetric structure are considered by means of the geometrical
optics adiabatic approximation. It is demonstrated that the efficiency of the energy coupling from
the plasmon generated by the grating into the symmetric or quasisymmetric plasmon experiencing
nanofocusing may vary between 50% to 100%. In particular, even a very small difference of
1%–2% between the permittivities of the substrate and the cladding may result in a significant
increase in the efficiency of the energy coupling from 50% up to 100% into the plasmon
experiencing nanofocusing. Distinct beat patterns produced by the interference of the symmetric
quasisymmetric and antisymmetric quasiantisymmetric plasmons are predicted and analyzed
with significant oscillations of the magnetic and electric field amplitudes at both the metal wedge
interfaces. Physical interpretations of the predicted effects are based upon the behavior, dispersion,
and dissipation of the symmetric quasisymmetric and antisymmetric quasiantisymmetric film
plasmons in the nanofocusing metal wedge. The obtained results will be important for optimizing
metallic nanofocusing structures and minimizing coupling and dissipative losses. © 2010 American
Institute of Physics. doi:10.1063/1.3399463
I. INTRODUCTION
Nanofocusing of light is the concentration of electro-
magnetic energy beyond the diffraction limit of light into
regions with nanoscale dimensions much less than the
wavelength. The areas of application of nanofocusing could
range from the design of high-resolution near-field optical
microscopy1–14 to new approaches for the effective delivery
of light energy in the optical and infrared ranges of frequen-
cies to the nanoscale, including quantum dots, nanoelectronic
and nanooptical devices, and even separate molecules. This
is expected to lead to the development of radically new
optical sensors, measurement techniques, and optical
information-processing devices with significantly enhanced
sensitivity and functionality.13–21 Therefore, nanofocusing of
light has become one of the major research directions in
modern nanophotonics in the recent years.
One of the most common approaches to nanofocusing of
light is the adiabatic nanofocusing of surface plasmons in
metallic nanostructures. A number of different metallic nano-
structures such as sharply tapered metal rods,7,10,14,15 dielec-
tric V-grooves in metals,21–23 dielectric conical and pyrami-
dal tips covered in metal films,4,9,11–13,24–27 sharp metal
wedges, and tapered metal films on dielectric substrates28,29
have been considered recently. It was shown that as the plas-
mon propagates along the taper of an adiabatic nanofocusing
structure, both its phase and group velocities tends to zero
and the plasmon adiabatically stops at the tip.7,21,28,29 In ad-
dition, the electromagnetic field of the plasmon will be lo-
calized in spatial regions as small as a few nanometers and
strongly enhanced at the tip if the dissipation in the metal is
not too strong.7,10,14,21,28 This unique property will be useful
for the development of new surface-enhanced Raman spec-
troscopy techniques and sensors with the sensitivity and
functionality potentially allowing detection and optical imag-
ing of single molecules.17,18,30
One of the important metal nanostructures allowing plas-
mon nanofocusing are sharply tapered metal wedges and ta-
pered metal films on dielectric substrates.28,29 If the taper
angle is sufficiently small, then the simple adiabatic ap-
proach which is also called geometrical optics approxima-
tion GOA can be used for the analysis of plasmon propa-
gation and nanofocusing.28,29 If the applicability conditions
for GOA are satisfied,28,29 then the propagation of the plas-
mon at every distance from the tip of the metal wedge can be
considered as for the uniform metal film of thickness that is
equal to the local wedge thickness at the considered point.
It is well known that a thin metal film surrounded by a
uniform dielectric symmetric structure can sustain two
plasmonic modes—symmetric and antisymmetric film
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plasmons.34 This terminology for the plasmons arises here
from the symmetry of the charge distribution across the
metal wedge. Similarly, in metal films on a dielectric sub-
strate, where the substrate permittivity is not equal to the
cladding permittivity asymmetric structure, the two differ-
ent plasmonic modes can be termed as quasisymmetric and
quasiantisymmetric in accordance with the respective sym-
metry of the charge distribution across the metal film.29,34
It was shown that in the case of GOA Refs. 28 and 29
the symmetric film plasmon in a symmetric structure and
the quasisymmetric film plasmon in an asymmetric struc-
ture adiabatically slow down and experience nanofocusing
as they propagate along the taper toward the tip of the metal
wedge or the tapered section of the metal film. In addition,
the electromagnetic field of these plasmons become strongly
localized and enhanced near the tip.28,29
In practice, it is usually difficult to generate exactly
a symmetric or quasisymmetric film plasmon with the re-
quired field distribution. At the same time, excitation of a
surface plasmon on a semi-infinite metal-dielectric interface
can be conducted, for example, by means of a prism
coupler1,8,26,31,33 or a grating.1,8,26,32,33 However, such plas-
mons do not have the field distribution required for a sym-
metric or quasisymmetric film plasmons experiencing nano-
focusing. Therefore, a possible way to couple light energy
into a nanofocusing structure, for example, a tapered wedge
or a tapered section of metal film on a dielectric substrate,
would be to generate a surface plasmon on one of the wedge
interfaces e.g., by a grating and then consider its coupling
into the symmetric or quasisymmetric film plasmon experi-
encing nanofocusing. The results of such a consideration will
be important for the practical use of nanofocusing structures
and detailed understanding of the efficiency of energy cou-
pling into nanoscale regions.
Therefore, the aim of this paper is to theoretically inves-
tigate the efficiency of coupling of plasmonic energy into
nanofocusing metal wedges and tapered sections of metal
films on a dielectric substrate. The analysis will be based
upon the GOA. We will consider a surface plasmon excited
on one of the metal-dielectric interfaces of the metal wedge
and analyze its coupling into quasisymmetric and quasianti-
symmetric film plasmons near the tip. In particular, we will
show that the interference between the quasisymmetric and
quasiantisymmetric film plasmons will result in significant
oscillations beating in the local plasmonic field along the
taper of the film. At the same time, near the tip of the tapered
film the quasiantisymmetric film plasmon does not exist,
which means that the energy coupled into this plasmon will
effectively be lost from the view-point of nanofocusing. It
will be demonstrated that the resultant efficiency of energy
coupling into a symmetric nanofocusing structure will be
50%, which may be significantly increased even if a weak
asymmetry between the substrate and cladding permittivities
is introduced. Structural optimization will also be conducted,
and the obtained results will be important for practical design
and application of wedgelike nanofocusing structures.
II. GOA
We consider the coupling of plasmonic energy into
sharply tapered metal wedges with the taper angle  and the
metal permittivity m=e1+ ie2e10,e20, surrounded by
cladding with the real permittivity c on one side and sub-
strate with the real permittivity s on the other side Fig. 1.
It is also assumed that e1s. If s=c, the wedge is sur-
rounded by a uniform dielectric, and we will call such a
structure symmetric. If sc, the structure will be called
asymmetric.
A surface plasmon with the wave vector q is assumed to
be excited at the metal-substrate interface, for example, by
means of a grating coupler Fig. 1. We will not consider
here the actual process of plasmon generation in the grating,
but rather assume that a surface plasmon has already been
generated in a grating or by other means at the wedge-
substrate interface at some distance y0 from the tip of the
wedge, and propagates normally to the wedge tip Fig. 1.
A plasmon propagating along one of the interfaces of a
metal film wedge in our case—Fig. 1 is not an eigenmode
of the film. There are only two propagating guided plasmonic
eigenmodes in the considered structure. These are the sym-
metric and antisymmetric film plasmons in a symmetric
structure28,34 and quasisymmetric and quasiantisymmetric
film plasmons in an asymmetric structure.29,34 Therefore, the
surface plasmon propagating along one of the wedge inter-
faces metal-substrate interface is a superposition of the two
guided plasmonic eigenmodes. Strictly speaking, this is only
an approximation, because the field in a plasmon generated,
for example, by a grating at a metal-substrate interface
should be a superposition of not only the two guided plas-
monic eigenmodes, but also leaky modes, and nonpropagat-
ing evanescent waves. However, taking into account leaky
and nonpropagating waves would typically lead to only in-
significant corrections, especially if the thickness of the
metal film at the point of plasmon generation is significantly
larger than the plasmon penetration depth into the metal film,
and the penetration depth of the generated plasmon into the
substrate is not too large compared to the plasmon wave-
length.
Therefore, in this paper, in order to demonstrate the ba-
sic physical mechanisms and effects of energy coupling into
a nanofocusing wedge, we approximate the surface plasmon
generated at the metal-substrate interface as a superposition
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FIG. 1. Tapered wedge nanofocusing structure with the metal permittivity
m, surrounded by cladding with the permittivity c on one side and sub-
strate with the permittivity s on the other side. A surface plasmon propa-
gating normally to the wedge tip is assumed to be generated at one of the
interfaces of the metal wedge, for example, by means of a grating coupler.
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of the two guided plasmonic eigenmodes only. We assume
that the plasmon is generated at a distance from the tip where
the local thickness of the metal wedge is noticeably larger
than the plasmon penetration depth into the metal. For ex-
ample, in a symmetric structure, the symmetric and antisym-
metric film plasmons interfere constructively at the metal-
substrate interface and destructively at the metal-cladding
interface, thus forming the generated plasmon. In this case,
the field at the metal-cladding interface, as well as in the
cladding for the symmetric structure, is approximately
equal to zero. Because the local metal thickness at the point
of excitation is significantly larger than the plasmon penetra-
tion depth into the metal, the resultant field distribution in the
generated plasmon is approximately the same as in the plas-
mon at an isolated metal-substrate interface i.e., at infinite
thickness of the metal film.
Propagation of the generated plasmon can be analyzed
based on the GOA or, using the terminology of quantum
mechanics, in the WKB approximation if the variations in
the wave vector of both the symmetric quasisymmetric and
antisymmetric quasiantisymmetric plasmon modes are
small within distances of the order of one plasmon wave-
length in the structure7,21,28,29,35
dQsym1y−1 /dy 1, 1a
dQa1y−1 /dy 1, 1b
where Qsym1y and Qa1y are the y-components of the real parts
of the wave vectors qsym and qa of the symmetric quasisym-
metric and antisymmetric quasiantisymmetric plasmon
modes, respectively. If these conditions are satisfied, the
metal wedge can be regarded as a metal film with slowly
varying thickness. Thus, the parameters of the plasmon
modes including their dispersion, dissipation, and field dis-
tribution are approximately the same as those in a uniform
metal film with the film thickness being the same as the local
thickness of the metal wedge see also Refs. 28 and 29.
As mentioned previously, a plasmon generated at the
metal-substrate interface can be regarded approximately as a
superposition of the two plasmonic eigenmodes—in general,
the quasisymmetric and quasiantisymmetric film plasmons.
Therefore, the propagation of these film plasmons toward the
tip should be analyzed independently, and their superposition
will then yield the resultant field distribution in the wedge
structure at any distance from the tip. The dispersion rela-
tions for the quasisymmetric and quasiantisymmetric film
plasmons, respectively, are given by29
h =
1
m
tanh−1− ms
sm
	 + tanh−1− mc
cm
	
 , 2a
h =
1
m
tanh−1− sm
ms
	 + tanh−1− cm
mc
	
 , 2b
where h is the local thickness of the metal wedge given by
h = 2y tan/2 3
and
s = q2 − k02s, c = q2 − k02c, m = q2 − k02m
4
are the reciprocal penetration depths of the corresponding
plasmons quasisymmetric and quasiantisymmetric into the
substrate, cladding and metal, respectively, q is the wave
number of either quasisymmetric qsym or quasiantisymmet-
ric qa modes; qsym=Qsym1+ iQsym2 and qa=Qa1+ iQa2
Qsym2 and Qa2 determine the dissipation of the quasisym-
metric and quasiantisymmetric film plasmons, k0= /c, 
and c are the angular frequency and speed of light in
vacuum. Transition in these equations to the case of a sym-
metric structure is trivial—simply by assuming that s=c.
III. PLASMON ENERGY COUPLING INTO A
SYMMETRIC METAL WEDGE
First, we consider a symmetric structure and assume that
dissipation in the metal wedge is zero: e2=0. In this case, we
also assume that the amplitudes of both the symmetric and
antisymmetric film plasmons forming the plasmon generated
at the metal-substrate interface Fig. 1 are known and
equal at y0=. Physically, this is equivalent to generating
the plasmon at the metal-substrate interface at a large dis-
tance from the tip where coupling between the plasmons at
the two opposite wedge interfaces can be neglected because
of very large local wedge thickness. Using GOA, the ampli-
tudes of the symmetric and antisymmetric film plasmons are
then determined as functions of distance from the tip by
means of the procedure described in Refs. 21 and 28. As the
symmetric and antisymmetric film plasmons propagate to-
ward the tip of the wedge and reach the local wedge thick-
nesses comparable with the plasmon penetration depth into
the metal, their phases start to vary differently in accordance
with their different phase velocities depending on local
wedge thickness. Therefore, though the initial phases of the
symmetric and antisymmetric plasmons at the point of exci-
tation at large distance form the tip are such that the field at
the metal-cladding interface is zero due to destructive inter-
ference of the film plasmons, closer to the tip of the wedge
this phase relation is expected to change. This must lead to
periodic variations in the local field at both the wedge inter-
faces resulting from beats between the two film plasmons
symmetric and antisymmetric plasmonic eigenmodes.
Figure 2 shows the typical dependencies of the magnetic
and electric field amplitudes at both the interfaces of a free-
standing gold wedge with zero dissipation surrounded by
vacuum on distance from the tip. These dependencies result
from interference of the two film plasmons as they propagate
toward the tip of the wedge. As can be seen, at large dis-
tances from the tip the amplitudes of the electric and mag-
netic fields remain constant y-independent at the interface
where the plasmon is excited solid curves in Fig. 2, and are
next to zero at the opposite interface dotted curves in Fig.
2. This is because if the local thickness of the metal wedge
is significantly larger than the penetration depth of the plas-
mon into the metal, the wave numbers of the symmetric and
antisymmetric film plasmons are hardly different, and the
initial phase shift between these plasmons remains un-
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changed, so that there are no beats Fig. 2. As the symmetric
and antisymmetric film plasmons propagate toward the tip
of the metal wedge, decreasing thickness of the metal wedge
results in increasing wave number of the symmetric plasmon
and decreasing wave number of the antisymmetric
plasmon.28 This causes formation of a beat pattern along the
wedge Fig. 2.
In particular, the magnetic field amplitudes at both the
interfaces display significant multiple beat oscillations Fig.
2a. The period of these beat oscillations is given by the
wave number: Qbeat=qsym−qa. It can be seen that the ampli-
tude of the beats decreases near the tip of the wedge Fig.
2a. This is because, as it propagates toward the tip, the
antisymmetric film plasmon tends to become a bulk wave in
the surrounding dielectric medium. As a result, the energy of
this plasmon tends to spread over the whole space as for a
plane wave, which means that its amplitude tends to zero
near the tip. Thus, the amplitude of one of the waves the
antisymmetric film plasmon forming the beats tends to zero,
which causes the amplitude of the beats to also go to zero at
the tip.
Figure 2b shows that the beat oscillations for the elec-
tric field are significantly less pronounced compared to the
magnetic field Fig. 2a. This happens because the local
electric field amplitude of the symmetric film plasmon rap-
idly increases toward the tip of the wedge due to nanofo-
cusing, and this rapid amplitude increase masks the beats,
especially when combined with the reducing amplitude of
the antisymmetric film plasmon. It follows from here that
reducing taper angle of the wedge should result in more pro-
nounced oscillations of the electric field beat pattern.
The effect of different material and wave parameters on
the predicted beat pattern on the wedge interface where the
generation of the plasmon occurs lower interface in Fig. 1
is demonstrated by Fig. 3. Here, we continue to assume that
the dissipation in the metal i.e., imaginary part of the metal
permittivity is zero.
The major aspect that can be seen from this figure is that
the number, the period and the amplitude of the beat oscilla-
tions are strongly dependent on the material and wave pa-
rameters. For example, increasing permittivity of the sur-
rounding dielectric results in a significant increase in the
number of beat oscillations with the simultaneous decrease
in their period compare curves 1 and 2 in Fig. 3a. Simi-
larly, increasing frequency of the plasmon also results in de-
creasing period of beat oscillations compare curves 3 and 4
in Fig. 3a. Both these effects are related to decreasing
wavelengths of both the symmetric and antisymmetric film
plasmons. Relative increase in the plasmon penetration depth
into the metal with decreasing its wavelength leads to more
efficient coupling across the metal film and thus larger dif-
ferences between the wave numbers of the symmetric and
antisymmetric film plasmons. This causes more frequent spa-
tial modulation of their superposition amplitude, i.e., smaller
spatial period of the beat oscillations Fig. 3a.
Similar to Fig. 2, the beat oscillations of the magnetic
field amplitude are much more pronounced than those of the
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FIG. 2. The dependencies of a the magnetic and b electric field ampli-
tudes on distance from the tip of a freestanding gold wedge surrounded by
vacuum c=s=1 along the two metal-vacuum interfaces; wedge angle
=2°, vacuum wavelength 	vac=459.2 nm, and m=−6.5 recall that dissi-
pation has been assumed to be zero. The solid curve correspond to the
wedge interface where the plasmon is generated lower interface in Fig. 1,
while the dotted curves correspond to the opposite interface. The magnetic
field amplitudes are normalized to the amplitude of the magnetic field in the
generated plasmon at the wedge interface with the grating at large distance
from the tip solid curve in Fig. 2a at y→+. The real parts of the metal
permittivities are taken from Ref. 36.
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FIG. 3. The dependencies of a the magnetic and b electric field ampli-
tudes on distance from the tip of a gold wedge surrounded by uniform
dielectric c=s along the wedge interface where the initial plasmon gen-
eration occurs lower interface in Fig. 1. Dissipation in the metal is as-
sumed to be zero, i.e., m=e1 is real. 1 Vacuum wavelength 	vac
=459.2 nm; m=−6.5, s=c=1, =3°; 2 	vac=459.2 nm; m=−6.5, s
=c=3, =3°; 3 	vac=632.8 nm; m=−16, s=c=1, =3°; 4 	vac
=1127 nm; m=−58.77, s=c=1, =3°. The magnetic field amplitudes are
normalized to the amplitude of the magnetic field in the generated plasmon
at the wedge interface with the grating at large distance from the tip
Fig. 3a at y→+. The real parts of the metal permittivities are taken
from Ref. 36.
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electric field amplitude Fig. 3a. This appears to be the
general property for all structural, material, and wave param-
eters. As explained above, in a symmetric structure i.e.,
where s=c, the amplitude of the antisymmetric film plas-
mon tends to zero near the tip of the wedge, and its energy
tends to spread over the whole space i.e., lost from the view-
point of nanofocusing. From this point of view, even in the
absence of dissipation, only 50% of the initial energy of the
plasmon generated in the grating Fig. 1 is coupled into the
symmetric film plasmon and thus experience adiabatic nano-
focusing and local field enhancement at the tip.
Increasing taper angle of the wedge at a fixed distance
from the tip results in increasing beat period—compare
curve 1 in Fig. 3a with the solid curve in Fig. 2a. This is
because increasing taper angle results in increasing local
thickness of the wedge, which means smaller difference be-
tween the wave numbers of the symmetric and antisymmet-
ric film plasmons, and this leads to larger beat period.
An interesting and unexpected observation can be made
if we plot the dependencies of the magnetic field amplitude
in the beat pattern at the lower with the grating—Fig. 1
wedge interface on local wedge thickness in the logarithmic
scale Fig. 4. If we regard the plateaus on all the curves in
Fig. 4 at large values of the local wedge thickness as the first
maximum of the beat patterns, then an interesting and accu-
rate relationship for the beat periods can be seen. Starting
from the first maximum the mentioned plateau at large val-
ues of the local wedge thickness, every second maximum on
curve 1 corresponding to the taper angle =1° almost ex-
actly coincides with a maximum on curve 2 corresponding
to the taper angle =2°. Furthermore, every third maximum
on curve 1 in Fig. 4b almost exactly coincides with a maxi-
mum on curve 3 corresponding to the taper angle =3°,
and every fifth maximum on curve 1 almost exactly coin-
cides with a maximum on curve 4 corresponding to the
taper angle =5°.
It is however important to note that the discussed very
simple linear relationship relating the periods of the curves in
Fig. 4 to the taper angles is only valid if these curves are
plotted versus local thickness of the wedge in logarithmic
scale Fig. 4. The relationship between the actual spatial
periods for the beat patterns at different taper angles is a bit
more complicated, but can nevertheless be derived analyti-
cally. Because of the clear relationship between the periods
of the curves in Fig. 4, we can write
ln h1 − ln h0 = 1/2ln h2 − ln h0 , 5
where h0 is some fixed wedge thickness, and h1 and h2 are
the thicknesses of the two different wedges with the taper
angles 1 and 2, respectively, corresponding to one period
of the beat oscillations ln h1−ln h0 for the first wedge, and
ln h2−ln h0 for the second wedge Fig. 4. Using the rela-
tionships relating local thicknesses of the wedge to the re-
spective distances along the y-axis—Fig. 1 from the tip:
h0=1l01, h1=1l1 for the first wedge, and h0=2l02 and h2
=2l2 for the second wedge, we can rewrite Eq. 5 as fol-
lows:
l01 + l1 − l01
l01
=  l02 + l2 − l02l02 

1/2
.
Taking into account that the spatial periods along the
y-axis—Fig. 1 of the beat oscillations in the two considered
wedges at the same local thickness h0 are p1= l1− l01 and
p2= l2− l02, and using the obvious relationship l02
= 1 /2l01, we obtain
p2 =
1
2
l011 + p1l01	
2/1
−
1
2
l01. 6
This equation links the periods p1 and p2 of the beat
patterns in the two different wedges with the taper angles 1
and 2 at the same local thickness h0 corresponding to the
distance l01 from the tip of the first wedge. Note however,
that Eq. 6 is only an approximation, because the periods of
the beat patterns are changing along the horizontal axis in
Fig. 4, which was not taken into account in the above deri-
vation. Therefore, Eq. 6 is not applicable close to the point
where the beat oscillations start i.e., close to the plateau on
the right of the curves in Fig. 4. At the same time, closer to
the tip, Eq. 6 should be quite accurate as the periods of the
beat patterns in this case are almost constant in the logarith-
mic scale Fig. 4.
In particular, it follows from here that even in the adia-
batic approximation local period of the beat pattern depends
on taper angle, rather than just on local film thickness. This
is somewhat unexpected, because in the adiabatic approxi-
mation propagating plasmons do not “feel” the taper of the
wedge. Nevertheless, the interference pattern for the sym-
metric and antisymmetric film plasmons appears to depend
upon taper angle.
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FIG. 4. The dependencies of the magnetic field amplitudes on local thick-
ness h of the gold wedge surrounded by uniform dielectric c=s along the
wedge interface where the initial plasmon generation occurs lower interface
in Fig. 1. Dissipation in the metal is assumed to be zero, i.e., m=e1 is real.
Vacuum wavelength 	vac=459.2 nm; m=−6.5, s=c=1, and different
taper angles: 1 =1°; 2 =2°; 3 =3°; and 4 =5°. The magnetic
field amplitudes are normalized to the amplitude of the magnetic field in the
generated plasmon at the wedge interface with the grating at large distance
from the tip.
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Dissipation in the metal must obviously result in further
reduction in the local field enhancement near the tip of the
wedge and is expected to significantly affect the beat oscil-
lations. Dissipation is determined by the imaginary part of
the complex metal permittivity m=e1+ ie2 e20. For the
purpose of nanofocusing and significant local field enhance-
ment, we are only interested in the cases with weak dissipa-
tion in the metal,21,28 i.e., where e2 e1, Qsym2Qsym1 and
Qa2Qa1.
In addition, the reference point where the plasmon is
excited and its magnetic field amplitude is assumed to equal
one cannot be chosen at y0=+ because in this case all the
energy of the considered plasmon would have dissipated and
its amplitude would have reduced to zero at some finite dis-
tance y from the tip. Therefore, the reference excitation
point y0 in the presence of weak dissipation is chosen as the
point where the amplitude of the magnetic field amplitude
changes by 1% compared to the infinitely remote point
y=+ in the absence of dissipation. This choice has been
made because closer to the tip coupling between the two
metal film interfaces becomes strong enough to significantly
change the wave numbers of the symmetric and antisymmet-
ric film plasmons leading to the beat pattern, while at y
y0 coupling is negligible and the wave numbers and the
dissipation constants of the symmetric and antisymmetric
film plasmons can be regarded as equal.
Using the approach discussed in Ref. 28, we find Qsym2
and Qa2. We then determine the energy fluxes in the symmet-
ric and antisymmetric film plasmons, and variations in these
fluxes within a small distance dy as the plasmons propagate
toward the tip.28 These variations are determined by dissipa-
tion of the symmetric and antisymmetric film plasmons in
the metal wedge.28 From here, if we know the amplitude of
the magnetic field in a film plasmon at some distance y from
the tip, then we can determine the amplitude of the magnetic
field in the plasmon at the distance y−dy from the tip.28
Using this procedure, because we assume that we know
the amplitude of the magnetic field in the plasmons at the
initial reference point point of excitation y0, we can deter-
mine the amplitudes of both the symmetric and antisymmet-
ric film plasmons as functions of distance from the tip or
from the reference point. Superposition of the resultant sym-
metric and antisymmetric film plasmons then gives the
y-dependences of the overall amplitudes of the magnetic and
electric field at both the wedge interfaces in the presence of
dissipation in the metal Fig. 4.
The main aspect that can be seen from Fig. 5 is that
dissipation in the metal wedge has a major impact on the
predicted beat pattern compare Figs. 3 and 5. It can be seen
that dissipation tends to reduce the number and strength of
the beats. However, the same major tendencies as in the ab-
sence of dissipation still persist. For example, increasing
taper angle of the wedge results in increasing period of the
beats compare curves 3 and 5 in Fig. 5
All the curves in Fig. 5 decay approximately exponen-
tially due to the dissipation before they reach the reference
point y=y0. Closer to the tip, beat pattern and local field
enhancement may occur. However, if dissipation in the metal
is noticeably increased curve 2 in Fig. 5, practically mono-
tonic decay of both the magnetic and electric fields occurs
toward the tip of the wedge, with neither distinct beat pattern
nor local field enhancement taking place near the tip. As was
discussed previously,28 the effects of dissipation may be re-
duced by increasing taper angle of the wedge compare
curves 3 and 5 in Fig. 5.
In the presence of dissipation, the amount of energy
transferred into a nanoscale region must be less than 50% in
a symmetric structure. This is because the energy of the sym-
metric plasmon which is initially 50% of the overall en-
ergy in the plasmon generated by the grating is further de-
creased by dissipation in the metal wedge, as this plasmon
propagates toward the tip of the wedge. Therefore, there is an
optimal position of the grating coupler on the wedge at the
distance from the tip y=ymin that corresponds to the mini-
mum of the electric field on curves 1, 3–5 in Fig. 5b. If the
plasmon is generated at a distance yymin, then some of the
energy will be wasted before the plasmon reaches local
thicknesses of the wedge where nanofocusing becomes effi-
cient in increasing local electric field. If the plasmon is gen-
erated at a distance from the tip yymin, then it will not take
the full advantage of the nanofocusing capability of the
wedge, and the resultant local field enhancement is reduced
with decreasing y in this case.
It is though important to recall that the presented theo-
retical consideration is valid only if the local thickness of the
wedge at the point of the initial generation is larger than the
plasmon penetration depth into the metal see Sec. II. If the
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FIG. 5. The dependencies of a the magnetic and b electric field ampli-
tudes on distance from the tip of a gold wedge surrounded by uniform
dielectric c=s along the wedge interface where the initial plasmon gen-
eration occurs lower interface in Fig. 1. 1 Vacuum wavelength 	vac
=459.2 nm, m=−6.5+0.5i, s=c=1, =3°; 2 	vac=459.2 nm;
m=−6.5+2i, s=c=3, =3°; 3 	vac=632.8 nm; m=−16+ i Ref. 36,
s=c=1, =3°; 4 	vac=632.8 nm; m=−16+ i, s=c=3, =3°; and 5
	vac=632.8 nm; m=−16+ i, s=c=1, =8°. The magnetic field ampli-
tudes are normalized to the amplitude of the magnetic field in the generated
plasmon at the wedge interface with the grating at the point of excitation
y0.
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generating grating is placed too close to the tip where the
local thickness is smaller than the plasmon penetration depth
into the metal, the wave numbers for the symmetric and an-
tisymmetric plasmons may become significantly different,
which may have a noticeable impact on the efficiency of
their generation. As a result, if the grating is tuned to gen-
eration of the symmetric plasmon, the antisymmetric plas-
mon will be generated less efficiently or not generated al-
most at all, which will increase the efficiency of the energy
coupling into the nanofocusing wedge. However, detailed
analysis of this situation will require consideration of plas-
mon coupling in the grating and is beyond the scope of this
paper.
IV. WEAKLY ASYMMETRIC METAL WEDGE
STRUCTURES
If the wedge structure is asymmetric, i.e., sc we
will assume that sc, then it is quasisymmetric film plas-
mon that experiences nanofocusing.29 The quasiantisymmet-
ric plasmon exists only if c is sufficiently close to s and the
film wedge thickness is sufficiently large, so that the wave
number of the quasiantisymmetric plasmon is larger than that
of the bulk wave in the substrate.34 If the structure is asym-
metric and the thickness of the metal film is reduced then
there is a critical thickness at which the wave number of the
quasiantisymmetric plasmon becomes equal to the wave
number of the bulk wave in the substrate. Below this critical
thickness, the quasiantisymmetric plasmon ceases to exist as
a structural eigenmode and becomes leaky mode.
The critical thickness exists only if the permittivities of
the cladding and substrate are sufficiently close. If they are
significantly different, then the quasiantisymmetric mode
does not exist as a structural eigenmode at any thicknesses of
the film. In this case, the grating at the metal-substrate inter-
face at the local wedge thickness larger than the plasmon
penetration depth into the metal generates only the quasi-
symmetric film plasmon. Thus the efficiency of energy cou-
pling from the plasmon generated in the grating into the
quasisymmetric plasmon experiencing nanofocusing is
100%.
On the other hand, if the wedge structure is only weakly
asymmetric, i.e., c is close to s, then the quasiantisymmet-
ric plasmon can exist as an eigenmode above the critical
wedge thickness. Therefore, it may be generated by the grat-
ing and may have an impact on the field pattern in the wedge
and the energy coupling efficiency into the quasisymmetric
plasmon. The consideration of this situation will be the pri-
mary focus of this section.
In a weakly asymmetric structure, if the thickness of the
metal film is increased to infinity, the quasisymmetric plas-
mon is transformed into the plasmon propagating along the
metal-substrate interface. As opposed to this, in a symmetric
structure any symmetric plasmon is transformed into two
uncoupled plasmons propagating along the two metal inter-
faces with the substrate and with the cladding. It follows
from here that if the plasmon is generated in a grating at the
metal-substrate interface in a weakly asymmetric structure
Fig. 1, then the fraction of the energy coupled into the
quasisymmetric plasmon at the point of excitation depends
upon local film thickness and the difference between the per-
mittivities s and c. For example, for any fixed difference
between s and c, increasing local thickness of the metal
wedge i.e., increasing distance from the tip of the wedge to
the generating grating results in increasing ratio of the am-
plitude of the quasisymmetric plasmon to that of the quasian-
tisymmetric plasmon at the point of excitation in the gener-
ating grating. Thus the efficiency of the energy coupling
from the plasmon generated in the grating into the quasisym-
metric plasmon experiencing nanofocusing increases to
100% with increasing distance between the tip of the wedge
and the generating grating.
Increasing difference between s and c also results in
increasing efficiency of energy coupling into the quasisym-
metric plasmon. First, this is because, if the difference be-
tween s and c is increased, the wave numbers of the qua-
sisymmetric and quasiantisymmetric plasmons may become
significantly different, or the quasiantisymmetric plasmon
may cease to exist as a structural eigenmode see above,
becoming a leaky mode. Therefore, the grating tuned to gen-
erate the quasisymmetric plasmon may not efficiently gener-
ate the quasiantisymmetric plasmon. Second, the quasianti-
symmetric plasmon is primarily localized near the metal
cladding interface, as opposed to the quasisymmetric plas-
mon that is primarily localized near the metal-substrate in-
terface if sc. Therefore, if the local thickness of the
wedge at the point of the excitation at the position of the
grating is sufficiently large, so that the amplitude of the field
in the quasiantisymmetric plasmon at the metal-substrate in-
terface is significantly smaller than its amplitude at the
metal-cladding interface, then this plasmon cannot be effi-
ciently generated by the grating. Both these physical mecha-
nisms are responsible for reducing the efficiency of genera-
tion of the quasiantisymmetric plasmon by a grating located
at the metal-substrate interface.
If the structure becomes symmetric, i.e., when c→s,
both the quasisymmetric and quasiantisymmetric plasmons
become equally localized near both the wedge interfaces
i.e., the field amplitudes in each of these modes become
equal in magnitude at both the metal wedge interfaces. As a
result, the efficiencies of generation of both the film plas-
monic modes becomes equal and the energy coupling effi-
ciency into the symmetric plasmon is 50%—see above. If,
however, the structure is even slightly asymmetric, i.e., s
c, then it is always possible to find a sufficiently large
wedge thickness such that the quasiantisymmetric mode is
hardly generated, and the coupling efficiency of the gener-
ated plasmon into the quasisymmetric plasmon mode expe-
riencing nanofocusing is nearly 100%. If the grating posi-
tioned closer to the tip, then the energy coupling efficiency
from the plasmon generated in the grating into the quasisym-
metric plasmon experiencing nanofocusing may vary from
100% to 50%.
It follows from here that, in the absence of dissipation,
we can have 100% of the plasmon energy coupling into the
quasisymmetric plasmon, if the distance between the tip of
the wedge and the generating grating is made sufficiently
large to avoid generation of the quasiantisymmetric plasmon.
However, in the presence of dissipation, to avoid significant
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dissipative energy losses, the generating grating should be
reasonably placed at 2–3 
m from the tip where the lo-
cal wedge thickness is 60–100 nm. In this case, the typi-
cal field amplitudes along the metal-substrate interface are
shown in Fig. 6.
It can be seen that all of the curves in Fig. 6 have a point
of a derivative discontinuity. This point corresponds to the
critical wedge thickness below which the quasiantisymmetric
eigenmode does not exist. Therefore, in the considered adia-
batic approximation, we cannot consider this mode and its
effect on the field distribution below this point. Certainly, the
discontinuity of the derivative is not physical, but is rather
the consequence of the adiabatic approximation that is not
applicable for the consideration of the quasiantisymmetric
plasmon near the critical wedge thickness. Therefore, the
presented curves are only an approximation of the actual
field distribution near the critical thickness, which neverthe-
less represents correctly the main tendencies of the field dis-
tributions.
It can also be seen that the quasiantisymmetric plasmon
contributes to beat oscillations of the overall field amplitude
at the metal-substrate interface, similar to symmetric
structures—Sec. III. However, the number of beats is signifi-
cantly reduced by the fact that the quasiantisymmetric mode
ceases to exist in the considered approximation below the
critical wedge thickness.
Another interesting observation confirming the specula-
tions presented above in this section is that increasing dis-
tance from the wedge tip to the generating grating results
expectedly in decreasing contribution of the quasiantisym-
metric mode to the overall pattern of the field distribution
see the reducing beat amplitude from curve 1 to curve 3 in
Fig. 6a. This is because increasing distance from the tip
results in increasing local wedge thickness at the point of
excitation, which leads to less efficient generation of the qua-
siantisymmetric mode and, thus, its weaker effect on the field
distribution.
Figure 7 shows the ratio of the energy in the quasisym-
metric plasmon in the generating grating solid curve and at
the distance from the tip where the local wedge thickness is
equal to 4 nm dotted curve to the overall energy in the
plasmon generated at the metal-substrate interface by the
grating coupler.
Figure 7 demonstrates that even small differences be-
tween s and c by around 2% may result in substantial
changes in the coupling energy efficiency into the quasisym-
metric plasmon experiencing nanofocusing. Therefore, the
relationship between s and c is an essential parameter for
optimizing energy coupling into the nanofocusing wedge
structure.
It can also be seen that, as expected, increasing ratio
s /c results in a rapid increase in the energy coupling effi-
ciency into the quasisymmetric plasmon experiencing nano-
focusing. As explained above, this is because of the reduced
efficiency of generation of the quasiantisymmetric plasmon.
Reducing ratio s /c below 1 leads to a rapid decrease in the
energy coupling efficiency. This is because, if sc, the
quasisymmetric plasmon experiencing nanofocusing be-
comes primarily localized near the metal-cladding interface,
while the generating grating is still at the metal-substrate
interface. Thus the grating appears to be on “wrong” side of
the wedge, leading to a rapidly reducing efficiency of gen-
eration of the quasisymmetric plasmon and increasing con-
tribution of the quasi-antisymmetric plasmon whose energy
is lost eventually leaked into the cladding from the view-
point of nanofocusing.
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FIG. 6. The dependencies of a the magnetic and b electric field ampli-
tudes on distance from the tip of a gold wedge along the interface where the
initial plasmon was generated lower interface in Fig. 1. 1 	vac
=632.8 nm, s=2.25, m=−16+ i, c=2.2, =2°, and the local thickness
where the plasmon is generated Hgen=60 nm i.e., 1.7 
m from tip; 2
	vac=632.8 nm, s=2.25, m=−16+ i, c=2.2, =2°, and Hgen=95 nm
i.e., 2.7 
m from tip; 3 	vac=632.8 nm, s=2.25, m=−16+ i, c
=2.2, =2°, and Hgen=145 nm i.e., 4.1 
m from tip. The magnetic
field amplitudes are normalized to the amplitude of the magnetic field in the
generated plasmon at the point of excitation.
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FIG. 7. The dependences of the efficiency of the energy coupling from the
plasmon generated by the grating into the quasisymmetric plasmon experi-
encing nanofocusing the ratio of the energy of the quasisymmetric plasmon
to the overall energy of the excited plasmon in the grating on ratio s /c
called structure asymmetry; 	vac=632.8 nm, m=−16+ i, =2°, local
thickness where the plasmon is generated Hgen=100 nm i.e., 1.7 
m
from tip. Solid curve: the ratio of the energy in the quasisymmetric plasmon
to the energy of the excited plasmon, both the plasmons being considered in
the generating grating. Dotted curve: the ratio of the energy in the quasi-
symmetric plasmon at the distance 115 nm from the wedge tip where the
local wedge thickness is 4 nm to the energy of the plasmon generated in the
grating at 1.7 
m from the tip.
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Comparison of the dotted curve with the solid curve in
Fig. 7 demonstrates the impact of dissipation in the metal on
the efficiency of energy coupling into the nanoscale region.
Even in the best-case scenario i.e., at relatively large ratios
of s /c, the energy coupling efficiency into the wedge sec-
tion with the local thickness of 4 nm is only around
20% see the dotted curve in Fig. 7. It is important, how-
ever, to understand that, though the energy coupling effi-
ciency is an important parameter for characterization and op-
timization of plasmon nanofocusing, one of the other most
important its characteristics—local field enhancement—is
not directly related to the coupling energy efficiency. For
example, despite only 20% maximal energy coupling effi-
ciency given by the dotted curve in Fig. 7, the local field
enhancement shown by curve 3 in Fig. 6 at the same distance
from the tip is 2 times. If the wedge is terminated by a
rounded tip with the radius of 2 nm corresponding to the
local thickness of 4 nm, then taking into account reflec-
tion of the plasmon from the tip,37 the predicted local field
enhancement should be at least 5 times.
Previously, it was shown that there is an optimal length
of the nanofocusing wedge, which was determined as the
distance from the wedge tip to the point y= lopt, where the
amplitude of the quasisymmetric plasmon goes through a
minimum before it starts to increase due to the nanofocusing
effect in the wedge.28,29 In other words, at the optimal length
of the wedge i.e., optimal distance from the tip, the reduc-
tion in the amplitude of the quasisymmetric plasmon, caused
by its dissipation in the metal, is exactly compensated by the
increase in the plasmon amplitude, caused by the nanofocus-
ing effect.28,29 If we generate the quasisymmetric plasmon at
a distance larger than lopt, then its amplitude will first de-
crease due to dissipation, before it starts to increase due to
nanofocusing, and this leads to additional dissipative losses
reducing local field enhancement. If we generate the quasi-
symmetric plasmon at a distance less than lopt, then we will
not take the full advantage of the nanofocusing effect, and
the local field enhancement will again be reduced.28,29
However, we do not directly generate the quasisymmet-
ric plasmon in the grating Fig. 1, but rather its superposi-
tion with the quasiantisymmetric plasmon, and the contribu-
tion of the quasisymmetric plasmon into this superposition
increases from 50% to 100% with increasing distance
from the tip of the wedge for the weakly asymmetric struc-
ture. This means that the initial amplitude of the quasisym-
metric plasmon significantly increases with increasing dis-
tance between the tip and the generating grating, whereas the
previous determination of the optimal wedge length was
based upon the assumption that the amplitude of the gener-
ated quasisymmetric plasmon does not depend upon distance
from the tip.29 As a result, the optimal wedge length lopt
determining the optimal distance between the generating
grating and the wedge tip Fig. 1 should be significantly
larger than the previously determined29 optimal length lopt.
Curves 3 and 4 in Fig. 8 confirm this conclusion. They
show that the energy coupling efficiency, and thus local field
enhancement near the tip at the local wedge thickness of
5 nm, goes through a maximum at lopt 2.7 
m curve 3
and at lopt 3.3 
m curve 4 from the tip of the wedge.
These distances determine the optimal positions for the gen-
erating grating to achieve maximal possible local field en-
hancement near the tip. Note that these distances are, as ex-
pected, significantly larger than the values of lopt typically
less than 1 
m.29
V. CONCLUSIONS
In this paper, we have analyzed theoretically and nu-
merically an important problem of energy coupling into the
plasmon experiencing nanofocusing in a sharp metal wedge
from the plasmon generated by means of a grating coupler at
one of the wedge interfaces. Two different structures were
considered where the metal wedge is surrounded by a uni-
form dielectric symmetric structure, and where the wedge
is placed between a substrate and a cladding with different
dielectric permittivities. In particular, for a symmetric struc-
ture, it was demonstrated that only 50% of the overall
energy of the plasmon generated by the grating can be
coupled into the symmetric film plasmon experiencing nano-
focusing in sharp metal wedges. The other 50% of the plas-
monic energy generated in the grating goes into the antisym-
metric film plasmon and is eventually spread all over the
space as the plasmons propagate toward the tip of the
wedge, i.e., lost from the view-point of nanofocusing. A
distinct beat pattern was predicted to occur with significant
oscillations of the amplitudes of the electric and magnetic
fields at both the wedge interfaces.
It was also demonstrated that even for a weakly asym-
metric structure with the permittivity of the cladding differ-
ing from the permittivity of the substrate by as little as 2%,
the efficiency of energy coupling from the plasmon gener-
ated by the grating into the quasisymmetric plasmon experi-
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FIG. 8. The dependences of the efficiency of the energy coupling from the
plasmon generated by the grating into the quasisymmetric plasmon experi-
encing nanofocusing the ratio of the energy of the quasisymmetric plasmon
to the overall energy of the excited plasmon in the grating on distance
between the wedge tip and the generating grating; 	vac=632.8 nm,
m=−16+ i, =2°. Curves 1 and 2: the energy of the quasisymmetric plas-
mon is determined at the position of the grating. Curves 3 and 4: the energy
of the quasisymmetric plasmon is determined at the distance 143 nm from
the tip where the local wedge thickness is 5 nm. Curves 1 and 3: s=2.25,
c=2.2. Curves 2 and 4: s=2.25, c=2.23.
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encing nanofocusing in the wedge can be easily increased up
to 100%. Physical interpretation of the obtained results
based on the behavior and properties of the two interfering
modes—quasisymmetric and quasiantisymmetric plasmons
was presented and discussed. The demonstration of the high
sensitivity of the wedge nanofocusing structure and the
energy coupling efficiency in it to small variations in the
surrounding permittivities is an important effect for the ex-
perimental observation and investigation of plasmon nanofo-
cusing in metallic nanostructures.
It was also shown that optimal structural parameters for
the wedges with energy coupling from the plasmon gener-
ated in a grating into the symmetric or quasisymmetric
plasmon experiencing nanofocusing are significantly differ-
ent from those determined earlier for the wedges with the
direct generation of the symmetric or qausisymmetric plas-
mons. In particular, it is demonstrated that the optimal dis-
tance between the tip of the wedge and the generating grat-
ing is typically around 2–4 
m, which is significantly
larger than the optimal length of the wedge less than
1 
m Ref. 29 if the quasisymmetric plasmon is directly
generated in the wedge.
The obtained results of this paper will be important for
the development of new nanoimaging technologies, efficient
coupling of the plasmonic energy into metallic nanostruc-
tures and nanoscale regions of space, new optical sensors
and measurement techniques, near-field microscopy and
spectroscopy, as well as new subwavelength plasmonic
waveguides and interconnectors.
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